Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels control rhythmic activity in mammalian nervous system and heart. Among four HCN family isoforms (HCN1-4), mouse HCN2 is specifically palmitoylated at five cysteine residues in its N-terminus. Here, we further focused on conservation of these palmitoylation sites found in vertebrate HCN2 orthologs. Analysis of sequence databases provided an insight into stepwise acquisition of HCN2 palmitoylation motifs in vertebrate lineages. The mechanism of HCN2 palmitoylation itself has been broadly conserved throughout vertebrate species in spite of the divergence of HCN2 full-length amino acid sequences during molecular evolution. Furthermore, there exist vertebrate class-specific variation of palmitoylation motifs. Our findings mean that dynamic regulation of HCN2 made possible by reversible post-translational protein palmitoylation may be critical for refined functions of the vertebrate nervous system and heart.
Introduction
Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are nonselective cation channels, which are activated by both membrane hyperpolarization and binding of cyclic nucleotides [1] [2] [3] [4] . In the nervous system and the heart of mammals, HCN channels contribute to the regulation of neuronal and cardiac firing rates. The currents produced by HCN channels are classified into I h (hyperpolarization), I q (queer) or I f (funny) currents. Especially, I h controls rhythmic activity of cardiac pacemaker cells and spontaneously firing neurons. Dysfunctions of HCN channels are related to the pathogenesis of several diseases [1, [5] [6] [7] [8] [9] [10] [11] . Many ion channels, including HCN, appear to be evolutionarily conserved; orthologs with identical domains and transmembrane topology are found in organisms from worms to man [12] . In vertebrates, the HCN channel family consists of four isoforms (HCN1-4), all of which belong to the voltage-gated potassium channel superfamily [13, 14] . On the other hand, only a small number of HCN homologs have been identified from invertebrate species [15] [16] [17] [18] [19] [20] . All HCN channel isoforms have evolutionarily conserved six transmembrane segments (S1-S6), with a voltage sensor domain in the S4 segment, and cyclic nucleotide-binding domain (CNBD) in their C-terminal cytoplasmic region. These HCN1-4 paralogs exhibit 80-90% amino acid sequence identity between the S1 BRIEF REPORT segment to the CNBD. Highly conserved sequences among HCN channel family indicate that the vertebrate HCN1-4 genes arose from duplication of a single ancestral gene prior to the lineage divergence (Fig. 1A) . The functional properties of HCN1-4 channels are similar but not identical. Functional differences among these paralogs may be predominantly due to structures in their intracellular N-and C-termini.
One key modification of mammalian HCN proteins is the reversible addition of the lipid palmitate to intracellular cysteine residues. We have shown that mouse HCN1, HCN2 and HCN4, but not HCN3, are S-palmitoylated in heterologous expression system [21] . This process, post-translational protein palmitoylation, acts as a sticky 'tag' that can direct channels and receptors to specific regions of the plasma membrane, or to specific intracellular membranes or vesicles [22] [23] [24] [25] . Genetic evidence strongly links impaired palmitoylation to abnormal mammalian brain development and/or function, including human neuropsychiatric disorders [26] [27] [28] [29] [30] [31] and heart diseses [32] [33] [34] . Our previous studies have already identified palmitoylation sites at the N-terminal domain of mouse HCN2 (NP_032252.1) [21] . Biochemical analysis demonstrated that five cysteine residues are palmitoylated redundantly (Fig. 1B) .
In this report, we further focused on conservation and loss of HCN2 palmitoylation sites found in vertebrate HCN2 orthologs. Analysis of sequence databases provides evidence for the acquisition and divergence of palmitoylation mechanism in HCN2 regulations during vertebrate evolution.
Methods
For analysis of the HCN orthologs, currently available protein sequences, cDNA sequences, expressed sequence tags (ESTs) and genomic sequences were obtained by searching the National Center for Biotechnology Information (NCBI) databases, Genbank, EST banks, elephant shark genome project (http://esharkgenome.imcb.a-star.edu.sg/), Joint Genome Institute (http://genome.jgi-psf.org) and the Ensembl database (http://www.ensembl.org/) by sequence homologies.
Results

HCN2 palmitoylation sites in various vertebrate species
Recent expansive progress in genome analyses revealed that many vertebrate species possess HCN2 orthologs [13] . As mentioned above, our biochemical analysis has already determined five palmitoylation sites of mouse HCN2 (Cys63, Cys69, Cys82, Cys89 and Cys104) [21] . Amino acid sequences around these palmitoylation sites in HCN2 are not conserved in mammalian HCN1 and HCN4, indicating palmitoylation-dependent unique regulation of HCN2 functions. Then, sequence comparison of HCN2 orthologs made it possible to clarify the process of acquisition, conservation and divergence or loss of these modification sites in vertebrate evolution. Palmitoylated cysteine residues at the mouse HCN2 N-terminal domain are corresponding to Arg76, Cys82, Cys102, Cys109 and Cys127 of human HCN2. Multispecies sequence alignment for HCN2 orthologs showed that the there exist intriguing different patterns of N-terminal palmitoylation motifs in each vertebrate class in spite of highly conserved molecular Amino acid sequences around palmitoylation sites corresponding to mouse/human Cys63/Arg76, Cys69/Cys82, Cys82/Cys102, Cys89/Cys109 and Cys104/Cys127 in vertebrate HCN2 orthologs are shown. Percent identities between orthologs across two species were obtained by performing BLAST search (with BLOSUM62) with full length amino acid sequence of human HCN2. -: corresponding sites deleted or substituted; N. D.: sequence not determined. structures of core regions among vertebrates (see Table 1 for full details of data sources). The homology comparison of full length amino acid sequence of HCN2 orthologs showed ~93% identity among mammalian species, ~82% identity between mammals and birds, ~84% identity between mammals and reptiles, ~78% identity between mammals and amphibians, ~75% identity between mammals and fishes (Fig. 1C) . Random mutations are observed all over vertebrate HCN2 sequences during vertebrate evolution. Similar to many other teleost fish genes, most teleost fishes have more than two different types of HCN2, designated type 'a' and type 'b'. Redundant HCN2 orthologs in fishes are consistent with their whole genome duplication [35, 36] . Characteristic sequences "MKCNKNGECRR" and "SFSNAPS" are detected in HCN2a, and "MICNKNGDCRR" and "SFSNAPX or SFSNPPX" in HCN2b. Homology search indicated that fish HCN2a is likely to be more identical to HCN2 orthologs of higher vertebrates.
Stepwise acquisition of HCN2 palmitoylation motifs in vertebrates The HCN2 palmitoylation sites have evolutionarily developed from bony fishes ( Fig. 2A) . Urochordates (ascidians or sea squirts) have three copies of HCN family proteins those most likely arose through urochordate lineage-specific multiple duplications. There is no cysteine residue available for palmitoylation in their N-termini. It is still difficult to speculate when acquisition events of these modification sites initially took place, because HCN2 orthologs have not been identified for cephalochordates (amphioxus and lancelet), cyclostomes (hagfishes and lampreys) or cartilaginous fishes (e.g. shark). However, a common cysteine-containing sequence is almost completely conserved throughout fish species belonging to the classes Actinopterygii and Sarcopterygii, which is presumably the original palmitoylation motif (typically, MKCNKNGECRR). This primitive sequence motif may have potential for transforming into a novel palmitoylation motif with a couple of mutations in amphibians (GKGSPNGECRR) that is related to mouse Cys82 (Fig. 2B) . While limited number of bird orders sustain the quite similar sequence with amphibians, further substitutions established the mammalian-specific third palmitoylation motif (AKGSPNGECGR), followed by an additional gain-of-function mutation at the fourth palmitoylation site corresponding to mouse Cys89. In mammals, koala exceptionally holds more primitive sequence (AKGSPNGECRR). This marsupial sequence enables us to predict that a mutation from amphibian Gly to mammalian Ala as well as the mammalian-specific acquisition of the forth site were ready prior to amphibian Arg to mammalian Gly mutation. There still remains a possibility that Gly to Arg back mutation occurred repeatedly in koala after the establishment of the third and forth mammalian palmitoylation sites. The fifth palmitoylation site corresponding to mouse Cys104 was obtained only in birds and mammals (SFSCXGX). Concerning the generation of this site, replacement of amphibian Thr or Ile with Cys may be completed in the common ancestor of amniotes during the Carboniferous period (around 300 million years ago). Then, the fifth site was lost later in reptiles or in some species of birds and mammals (Fig. 2C) . Another possibility is that SFSCXGX has been independently substituted for the original amphibian sequence SFSTEPP or SFSIEPP at some points after the late Jurassic period (approximately 150 million years ago) for a couple of bird orders and after the late Triassic period (approximately 225 million years ago) for those of mammal (Fig. 2D) . Unlike others, the second palmitoylation site corresponding to mouse Cys69 uniquely appears in boreoeutherian mammals (see below). The first palmitoylation site corresponding to mouse Cys63 is acquired only in several rodent species belonging to the superfamily Muroidea in the order Rodentia. All palmitoylation motifs are absent in reported extant reptiles by their N-terminus deletion.
Conservation and loss of palmitoylation motifs in mammalian lineages
The class Mammalia is mainly composed of three subclasses: the Prototheria (e.g. platypus), the Metatheria (extant Marsupialia, e.g. opossum) and the Eutheria (extant Placentalia, e.g. mouse) (Fig. 3A) . Currently, there is no information about prototherian HCN2 sequence. In metatherians, koala holds the third, the fourth and the fifth palmitoylation sites, whereas opossum and Tasmanian devil lack these palmitoylation motifs. Eutherian (placental) mammals further comprise four superorders; Afrotheria, Xenarthra, Laurasiatheria and Euarchontoglires. In the superorder Afrotheria, palmitoylation motifs are lost in all orders, Tubulidentata (aardvark), Macroscelidea (Cape shrew), Afrosoricida (tenrec), Sirenia (manatee) and Proboscidea (elephant). The magnorder Boreoeutheria is a clade that is composed of the sister taxa Laurasiatheria (cat etc.) and Euarchontoglires (mouse etc.) [37] . Overall, the highly conserved N-terminal palmitoylation motifs of HCN2 are recognized throughout boreoeutherian mammals (Fig.  3B) .
Discussion
Generally speaking, structurally or functionally important amino acid residues are conserved during molecular evolution against mutation pressure. Analysis of sequence databases revealed that the HCN2 palmitoylation mechanism itself has been broadly conserved in vertebrate lineages. Some vertebrate species lack specific palmitoylation sites because of their N-terminus deletion or substitution as shown in Table 1 . HCN2 core region from the S1 segment to the CNBD adequately acts as an ion channel, indicating that deletion or substitution of HCN2 N-terminal region can hardly affect its basic channel property [38, 39] . Thus, dynamic regulation of HCN2 in neurons and cardiac pacemaker cells made possible by reversible post-translational protein palmitoylation may be critical for more effective subunit assembly and membrane trafficking in refined functions of the vertebrate nervous system and heart. Every class of living vertebrates except reptile has individual patterns of palmitoylation motifs, namely, each of five palmitoylation sites has been held or lost during vertebrate evolution, respectively. Our previous study provided evidence that partial palmitoylation somewhere at HCN2 N-terminus should sufficiently function for HCN2 physiological roles [21] . The variations for HCN2 palmitoylation sites mean that palmitoylation is typically assumed to be redundant and therefore subsequently lost in part amongst vertebrates. While there is no strict consensus rule in amino acid sequence around known palmitoylated cysteines, positively charged basic residues (Arg and Lys) often locate around the palmitoylation sites, which might contribute to membrane binding [22, 40] . Actually, arginine residues are notably detected around the palmitoylation sites in most of vertebrate HCN2 orthlogs.
All of the eutherian species diverged from the same root around 100 million years ago in the early Cretaceous period [41] . Many molecular studies based on DNA analysis have supported an integrated classification as the magorder Boreoeutheria. Highly conserved HCN2 motif around the second palmitoylation site only in boreoeutherian lineages strongly suggests that these species are diverged from a common ancestor. From the viewpoint of a post-translational protein modification, findings presented in this report also support the Boreoeutheria theory. Moreover, koala data indicates that palmitoylation-dependent regulation mechanism of HCN2 at the third, the fourth and the fifth sites was initially established in the common ancestor between the metatherian and eutherian lineages. Although currently available sequence information is quite limited, sequence comparison support an idea that ancient loss of these palmitoylation motifs in some metatherian species and in the common ancestor of afrotherian mammals. Further accumulation of sequence data about xenarthrans (armadillo, anteater and sloth) and monotremes (platypus and echidna) will reveal the timeline of establishment and divergence of the second palmitoylation site in more detail. Likewise, sequence information on cephalochordates, cyclostomes and cartilaginous fishes will clarify the initial acquisition of the mechanism of HCN2 palmitoylation.
We have already shown that palmitoylation sites of ionotropic glutamate receptors (iGluRs), the major excitatory neurotransmitter receptors in vertebrate central nervous system, and those of iGluRs-binding proteins are extremely conserved in various species of whole vertebrate [42] [43] [44] .
Future genome analysis would permit us to understand detailed history of acquisition and refinement of the post-translational protein palmitoylation in vertebrates. 
